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Abstract: Thick biological tissues give rise to not only the scattering of incoming light waves, but 
also aberrations of the remaining unscattered waves. Due to the inability of existing optical imaging 
methodologies to overcome both of these problems simultaneously, imaging depth at the sub-
micron spatial resolution has remained extremely shallow. Here we present an experimental 
approach for identifying and eliminating aberrations even in the presence of strong multiple light 
scattering. For time-gated complex-field maps of reflected waves taken over various illumination 
channels, we identify two sets of aberration correction maps, one for the illumination path and one 
for the reflection path, that can preferentially accumulate the unscattered signal waves over the 
multiple-scattered waves. By performing closed-loop optimization for forward and phase-
conjugation processes, we demonstrated a spatial resolution of 600 nm up to the unprecedented 
imaging depth of 7 scattering mean free paths. 
 
Reaching the ultimate diffraction-limit spatial resolution, which is approximately half the 
wavelength of the light source, has been a challenging task with imaging targets embedded deep 
within scattering media, such as biological tissues. Multiple scattering events attenuate light waves 
that preserve the original incidence momenta and generate multiply scattered waves, which act as 
strong background noise. As target depth is increased, these combined effects lead to the 
exponential decrease of the signal to noise ratio (SNR)1. Sub-micron scales of important biological 
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reactions occurring inside living tissues have been out of reach as a consequence, and optical 
microscopy was unable to effectively support the investigation of the early stages of disease 
progression and the study of nervous systems. 
  
When considering a target spatial resolution close to the ultimate diffraction limit, the attenuation 
of SNR by multiple light scattering is not the only problem. In fact, the so-called specimen-induced 
aberration is an equally important issue to address2. The signal waves that preserve original 
incidence momenta are not only attenuated in their intensity by the multiple light scattering, but 
their phases are also retarded due to the heterogeneity of the medium. These phase retardations of 
the signal waves vary depending on the propagation angle, and the retardation takes place for both 
the incident and returning paths3. These angle-dependent phase retardations cause the distortion of 
the reconstructed object image, and make them the main source of specimen-induced aberration. 
They also hinder the proper accumulation of signal waves in the image reconstruction stage and 
cause a further reduction in SNR in addition to that caused by multiple light scattering. For example, 
the specimen-induced aberrations of typical biological tissues with thicknesses of a few scattering 
mean free paths (MFPs) can attenuate the single scattering intensity of object images by hundreds 
of times. This detrimental aberration effect is much more pronounced for high-resolution imaging, 
as waves propagating at large incidence angles retaining high-spatial frequency information tend 
to pass through effectively longer paths and are thus more likely to experience large phase 
retardations. The real challenge of these aberrations when imaging targets in scattering media is 
that they are extremely difficult to identify in the presence of strong multiple light scattering.  
  
In the past numerous attempts have tried to deal with either scattering or aberration individually, 
but few studies have been able to resolve both problems simultaneously. The methods for dealing 
with scattering include the use of temporal and/or confocal gating for the selective collection of 
single-scattered waves4-9. But the existence of specimen-induced aberrations easily undermines 
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these gating operations. Using eigenchannels to better accumulate signal waves has been attempted, 
but does not guarantee aberration compensation10,11. In our previous work, we also reported a 
method termed collective accumulation of single scattering (CASS) microscopy12, which combined 
both time-gated detection and spatial input-output correlation. CASS microscopy was used to 
preferentially accumulate single-scattered waves, which are the waves scattered only once by the 
target object, but not at all by the medium. This has resulted in a dramatic increase of working depth 
such that spatial resolution of 1.5 m can be maintained up to 11 MFPs. The achievable imaging 
depth is reduced with the increase of target spatial resolution due to the low-pass filtering operation 
of imaging system. For example, the spatial resolution of 0.6 m can be maintained only up to 8 
MFPs at the same condition. However, the specimen-induced aberrations in biological tissues 
hinder the collective accumulation of single-scattered waves such that the achievable depth is even 
shallower than this fundamental limit by a few MFPs.  
 
On the other hand, methods for dealing with aberration have been actively proposed in the field of 
adaptive optics13. The aberrations used to be characterized on the basis of Zernike polynomials14 
by direct wavefront sensing15,16 or experimental feedback control17-20. These approaches have been 
particularly useful for fluorescence imaging because only the aberration correction of incident 
waves matters. Nevertheless, the ability to address both multiple scattering and aberrations has been 
limited by an insufficient number of control elements in wavefront shaping devices. The adaptive 
optics for coherent imaging has proved even more difficult to implement when multiple scattering 
noise exists, and successful implementations have only been reported for cases with negligible 
multiple light scattering21. 
 
 The limitation of being able to deal with either the scattering or the aberration, not both, is apparent. 
If the background noise caused by multiple light scattering is not addressed, the intensity of the 
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single-scattered waves is less than the intensity of the background noise caused by the multiple-
scattered ones. Therefore, an object image cannot be resolved. On the other hand, if aberration is 
not addressed, then the single-scattered waves are accumulated so ineffectively that they may not 
effectively compete with the multiple-scattered ones. In this article, we present an experimental 
method that can address both multiple light scattering and sample-induced aberrations at the same 
time. The CASS microscopy previously developed was upgraded in such a way as to take the time-
resolved amplitude and phase maps of the reflected waves over random illumination patterns across 
an increased numerical aperture. In the image reconstruction process, we introduced separate angle-
dependent phase corrections for the incident and reflected waves, and identified phase corrections 
in such a way to preferentially accumulate single-scattered waves over multiple-scattered ones for 
both the forward and phase-conjugation processes. Using this what we term ‘closed-loop 
accumulation of single scattering’ (CLASS) microscopy, we could independently correct the 
aberrations of single-scattered waves on the way to and from a target object even in the presence 
of strong multiple-scattered waves. With this novel CLASS microscopy, we could not only optimize 
the accumulation of single-scattering, but also significantly reduce the effect of image distortion. 
In doing so, we achieved a spatial resolution of 600 nm up to the imaging depth of 7 scattering 
mean free paths, an unprecedented imaging depth at such a high resolving power. 
 
The effects of sample-induced aberrations in the presence of strong multiple scattering 
Let us consider a plane wave, 𝐸(𝑥, 𝑦, 𝑧 = 0; ?⃗? 𝑖) = exp[−𝑖𝑘𝑥
𝑖 𝑥 − 𝑖𝑘𝑦
𝑖 𝑦], incident to a target object 
embedded in a thick scattering medium, where ?⃗? 𝑖 = (𝑘𝑥
𝑖 , 𝑘𝑦
𝑖 ) is the transverse wavevector of the 
incident wave (Fig. 1a). When this wave travels through the scattering medium of thickness L, the 
intensity of the wave that preserves its original momentum is attenuated by a factor of exp(−𝐿 𝑙𝑠⁄ ), 
where 𝑙𝑠  is the scattering mean free path, due to multiple light scattering. Moreover, this 
unscattered wave undergoes the phase retardation 𝜙𝑖(?⃗? 
𝑖) depending on ?⃗? 𝑖 . This unscattered 
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wave is then reflected by the target object whose amplitude reflectance can be described by the 
object function 𝑂(𝑥, 𝑦), and gains the transverse wavevector Δ?⃗?  driven by the object spectrum 
𝒪(Δ?⃗? ), which is the Fourier transform of the object function. On its way out, the wave that now 
has the wavevector of ?⃗? 𝑜 = ?⃗? 𝑖 + Δ?⃗?  is again attenuated by the multiple scattering process and 
also experiences the additional aberration described by the angle-dependent phase retardation 
𝜙𝑜(?⃗? 
𝑜). Therefore, the angular spectrum of the reflected wave that has the flight time of 𝜏0 =
2𝐿/𝑐 is written as  
ℰ𝑜(?⃗? 
𝑜; ?⃗? 𝑖) = √𝛾𝑃𝑜
𝑎(?⃗? 𝑖 + Δ?⃗? )𝒪(Δ?⃗? )𝑃𝑖
𝑎(?⃗? 𝑖) + √𝛽ℰ𝑜
𝑀(?⃗? 𝑖 + Δ?⃗? ; 𝜏0).               (1) 
Here the first term on the right-hand side is the single-scattered wave, and the second term is the 
multiple-scattered waves that have the same wavevector and flight time as those of the single-
scattered wave. The remaining multiple-scattered waves can be ruled out by time-gated detection12. 
𝑃𝑖
𝑎(?⃗? 𝑖) = 𝑃(?⃗? 𝑖) exp[−𝑖𝜙𝑖(?⃗? 
𝑖)]  and 𝑃𝑜
𝑎(?⃗? ) = 𝑃(?⃗? 𝑜) exp[−𝑖𝜙𝑜(?⃗? 
𝑜)]  are the complex pupil 
functions for the illumination and reflection paths, respectively, where 𝑃(?⃗? ) is the pupil function 
of the ideal objective lens (𝑃(?⃗? ) = 1  for |?⃗? | ≤ 𝑘0𝛼  with 𝛼  the numerical aperture of the 
objective lens and 𝑘0 the magnitude of the wavevector in free space, and otherwise 𝑃 = 0). The 
factor 𝛾 = exp[−2𝐿/𝑙𝑠] describes the intensity attenuation of the single-scattered wave for the 
round trip through the target. 𝛽 is the average intensity of the multiple-scattered waves detected at 
the camera, which is determined by the imaging optics, the time-gating window, and the optical 
properties of the scattering medium. The single-scattered wave, which contains the object 
information, can be obscured by strong multiple-scattered waves when 𝛾 𝛽⁄  is reduced with 
increasing target depth. 
The CASS microscopy that we previously reported was designed to deal with strong multiple 
scattering backgrounds by the collective accumulation of single-scattered waves. Suppose that we 
measure the spatial frequency spectra of the reflected waves for 𝑁𝑚  different incident 
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wavevectors. In order to preferentially accumulate the single-scattered waves, those reflected 
waves that originate from the same object spectrum Δ?⃗?  are coherently added. This is 
mathematically expressed as 
ℰ𝐶𝐴𝑆𝑆(Δ?⃗? ) = ∑ℰ𝑜(?⃗? 
𝑖 + Δ?⃗? )
?⃗? 𝑖
= √𝛾𝒪(Δ?⃗? ) ⋅ ∑𝑃𝑖
𝑎(?⃗? 𝑖)𝑃𝑜
𝑎(?⃗? 𝑖 + Δ?⃗? )
?⃗? 𝑖
+ √𝛽 ∑ℰ𝑜
𝑀(?⃗? 𝑖 + Δ?⃗? )
?⃗? 𝑖
.        (2) 
This addition process is essential in that the summation at the first term on the right-hand side of 
Eq. (2), which is a cross-correlation between the complex pupil functions of the illumination and 
the reflection, amplifies the object function in proportion to 𝑁𝑚. In contrast, the amplitude of the 
multiple-scattered waves grows in proportion to √𝑁𝑚. Therefore, the signal to noise ratio of the 
intensity is increased from 𝛾 𝛽⁄  to (𝛾 𝛽⁄ )𝑁𝑚, and the single scattering intensity can outgrow that 
of multiple scattering when 𝑁𝑚 > 𝛽 𝛾⁄ . 
 
However, the existence of aberrations can significantly undermine the accumulation of the single 
scattering signal. The cross-correlation of the complex-valued pupil functions is smaller than that 
in the aberration-free case due to the following inequality:  
|∑𝑃𝑖
𝑎(?⃗? 𝑖)𝑃𝑜
𝑎(?⃗? 𝑖 + Δ?⃗? )
?⃗? 𝑖
| ≤ |∑𝑃(?⃗? 𝑖)𝑃(?⃗? 𝑖 + Δ?⃗? )
?⃗? 𝑖
|.         (3) 
Consequently, the single scattering signal that would have been resolved can still be smaller than 
the multiple scattering signals. Moreover, this cross-correlation adds Δ?⃗? -dependent phase 
retardation to the measured object function, thereby distorting the reconstructed object image. 
  
To understand the effect of aberration in the presence of multiple light scattering, we performed 
numerical simulation for the condition that 𝛽 = 200𝛾 and 𝑁𝑚 = 1,245, which corresponds to 
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the number of free modes for a 20×20 m2 field of view. Also, we introduced the arbitrary 
aberrations 𝜙𝑖(?⃗? 
𝑖) and 𝜙𝑜(?⃗? 
𝑜) as depicted in Figs. 1b and 1c, respectively. The amplitude of the 
cross-correlation map of these two complex pupil functions (Fig. 1d) was well below unity, 
suggesting that the accumulation of single scattering would be compromised. Figures 1e and 1f 
show CASS images without and with aberrations, respectively, in the absence of multiple scattering. 
The target objects were a pair of point particles separated by a distance of 600 nm, which 
corresponds to the diffraction-limit resolution for 0.8 NA at the source wavelength  = 800 nm. As 
expected, the aberrations made the two particles completely indistinguishable. Figures 1g and 1h 
show CASS images without and with aberrations, respectively, but this time in the presence of 
multiple scattering. As long as there is no aberration, CASS microscopy works well even if there 
is strong multiple scattering (Fig. 1g). The simultaneous presence of scattering and aberration (Fig. 
1h) makes it even more difficult to resolve the two particles than in the aberration-only case because, 
in addition to being improperly accumulated, the single-scattered waves are concealed by the 
multiple-scattered waves.  
 
Figure 1. The effect of sample-induced aberration in imaging targets inside a thick scattering medium. 
a, Description of specimen-induced aberrations in the illumination and reflection processes. The phase of the 
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unscattered component of an incident wave with wavevector ?⃗? 𝑖 is retarded by 𝜙𝑖(?⃗? 
𝑖), and the phase of the 
reflected wave from the target object is retarded by 𝜙𝑜(?⃗? 
𝑜). b and c, Angle-dependent phase retardations 
simulated for incident and reflected waves, respectively. For the illumination and reflection processes, 
random phase shifts were added to the average spherical aberration induced by a 1 mm-thick tissue (refractive 
index n~1.37) in water. Circular central region corresponds to the pupil of the objective lens with numerical 
aperture of 0.8. d, Amplitude transfer function of CASS microscopy obtained by cross-correlation between 
the input and output aberrations shown in b and c. Color scale indicates amplitude transmittance. Scale bars 
in b and d correspond to 𝑘0𝛼. e-h, CASS images of two point particles separated by 600 nm, the diffraction 
limit of the model system. e: without either aberration or multiple scattering. f: in the presence of the 
aberrations shown in b and c, but with no multiple scattering. g: in the presence of multiple scattering but 
with no aberration. h: in the presence of both aberration and scattering. The mean intensity of the multiple 
scattering was set 200 times stronger than that of single scattering. Color scales in e-h are normalized by the 
peak value in e. 
 
 
Theoretical framework for dealing with aberrations in the presence of strong multiple light 
scattering 
We developed a method to find the angle-dependent phase corrections 𝜃𝑖(?⃗? 
𝑖) and 𝜃𝑜(?⃗? 
𝑜 ) for 
the illumination and reflection paths, respectively, to cancel out the respective angle-dependent 
aberrations, 𝜙𝑖(?⃗? 
𝑖) and 𝜙𝑜(?⃗? 
𝑜). The main concept of the proposed method is to identify the 
𝜃𝑖(?⃗? 
𝑖)  that would maximize the total intensity of the reconstructed image by preferentially 
counteracting 𝜙𝑖(?⃗? 
𝑖). Then, as an important additional step, we employed the phase conjugation 
operation and applied 𝜃𝑜(?⃗? 
𝑜 ) to maximize the reconstructed image in the reverse process, which 
then corrects 𝜙𝑜(?⃗? 
𝑜) . Repeating these operations leads to the independent identification of 
𝜙𝑖(?⃗? 
𝑖) and 𝜙𝑜(?⃗? 
𝑜).  
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We first applied initial arbitrary angle-dependent phase corrections 𝜃𝑖
(1)
(?⃗? 𝑖) to the spectrum of 
the CASS image to form a CLASS image, i.e. ℰ𝐶𝐿𝐴𝑆𝑆
(1)
(Δ?⃗? ) = ∑ ℰ𝑜(?⃗? 
𝑖 + Δ?⃗? )?⃗? 𝑖 𝑒
𝑖𝜃𝑖
(1)
(?⃗? 𝑖). Then we 
identified the set of 𝜃𝑖
(1)
(?⃗? 𝑖) that maximizes the total intensity of the CLASS image: 
max
𝜃
𝑖
(1)
(?⃗? 𝑖)
∑ |ℰ𝐶𝐿𝐴𝑆𝑆
(1)
(Δ?⃗? )|
2
.
Δ?⃗? 
   (4) 
This can be simply be achieved by changing the individual 𝜃𝑖
(1)
(?⃗? 𝑖) from 0 to 2 and finding the 
particular value of 𝜃𝑖
(1)
(?⃗? 𝑖) at which the total intensity of the CLASS spectra is maximized. It is 
important to note that mainly the single-scattered waves take part in this process and the multiple-
scattered waves play little role. The maps of multiple-scattered waves taken at different angles of 
illumination are uncorrelated with respect to one another, and remained so even after multiplying 
the phase corrections. Therefore, the maximization of the total intensity of the CLASS image is 
almost exclusively due to the aberration correction of the single-scattered waves. 
 
Through the maximization process, 𝜃𝑖
(1)
(?⃗? 𝑖)  preferentially cancels out the input aberration 
𝜙𝑖(?⃗? 
𝑖). This becomes evident when examining the cross-term between two representative incident 
wavevectors, ?⃗? 1
𝑖  and ?⃗? 2
𝑖 , in Eq. (4): 
exp 𝑖{𝜙𝑖(?⃗? 2
𝑖 ) − 𝜙𝑖(?⃗? 1
𝑖 )} ⋅ exp 𝑖 {−𝜃𝑖
(1)(?⃗? 2
𝑖 ) + 𝜃𝑖
(1)
(?⃗? 1
𝑖 )}
⋅ [∑{𝒪(Δ𝑘)𝑃𝑜
𝑎(Δ?⃗? + ?⃗? 1
𝑖 )}{𝒪(Δ𝑘)𝑃𝑜
𝑎(Δ?⃗? + ?⃗? 2
𝑖 )}
∗
Δ𝑘
].            (5) 
The term is the cross-correlation between the spectra for the two incident wavevectors indicated in 
Figs. 2a and 2b. If there was no aberration in the reflection beam path, then 𝑃𝑜
𝑎 = 𝑃𝑜. The phase 
angle of the term in the square brackets ‘[ ]’ in Eq. (5), which we define as Φ𝑖
(1)
(?⃗? 1
𝑖 , ?⃗? 2
𝑖 ), would be 
zero such that 𝜃𝑖
(1)
(?⃗? 2
𝑖 ) − 𝜃𝑖
(1)(?⃗? 1
𝑖 ) = 𝜙𝑖(?⃗? 2
𝑖 ) − 𝜙𝑖(?⃗? 1
𝑖 ). Since only relative phase matters, we can 
set 𝜃𝑖
(1)
(?⃗? 1
𝑖) = 0 and 𝜙𝑖(?⃗? 1
𝑖 ) = 0 at ?⃗? 1
𝑖 = 0. Then 𝜃𝑖
(1)
(?⃗? 𝑖) is equal to 𝜙𝑖(?⃗? 
𝑖) for arbitrary 
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?⃗? 𝑖, suggesting that the aberration relating from the illumination path is perfectly corrected. In reality, 
however, aberration also develops through the reflection process, and Φ𝑖
(1)
(?⃗? 1
𝑖 , ?⃗? 2
𝑖 ) would be 
nonzero and consequently act as the error for the aberration correction.  
 
For the aberration correction to be effective, the correction error Φ𝑖
(1)
(?⃗? 1
𝑖 , ?⃗? 2
𝑖 ) should have a finite 
width of distribution around zero, not a random and uniform distribution between –𝜋 and +𝜋. 
This becomes possible when 𝑃𝑜
𝑎(Δ?⃗? + ?⃗? 𝑖) is a slowly varying function with respect to Δ?⃗? . If we 
record individual images over a wide view field, then the spectral resolution of the individual 
complex field images, which is the reciprocal of the width of view field, can be fine enough to 
make 𝑃𝑜
𝑎  a slowly varying function. Figure 2c shows the distribution of Φ𝑖
(1)
(?⃗? 1
𝑖 , ?⃗? 2
𝑖 ) for the 
severe aberrations considered in Figs. 1b and 1c for a view field of 20×20 m2, for which it was 
observed that the width of distribution was indeed finite. In the end the maximization process in 
Eq. (5) will lead to 𝜃𝑖
(1)
(?⃗? 𝑖) ≈ 𝜙𝑖(?⃗? 
𝑖) up to the accuracy given by the width of the distribution of 
Φ𝑖
(1)
(?⃗? 1
𝑖 , ?⃗? 2
𝑖 ).  
 
We confirmed the effectiveness of this operation using a numerical simulation for the same 
aberrations considered in Fig. 1. The first image in Fig. 2g shows that 𝜃 𝑖 = 𝜃 𝑖
(1)
 after this first 
round of the maximization process. The 𝜃 𝑖
(1)
 resembles the input aberration shown in Fig. 1b with 
a correlation value of 35 %. The first image in Fig. 2h shows the CLASS image reconstructed after 
applying this phase correction. The existence of particles becomes better visualized than before. 
However, the resolving power has not yet sufficiently recovered to distinguish the two particles 
because the output aberration has not yet been addressed. 
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The maximization operation in Eq. (5) is incomplete because only the aberration arising from the 
incident wave can be dealt with. In order to form a closed-loop correction, we developed a phase 
conjugation process in which the wave is incident from −?⃗? 𝑜 to −?⃗? 𝑖 = −(?⃗? 𝑜 − Δ?⃗? ) (Fig. 2d).  
This reverse process does not require further data acquisition because it can be computed from the 
set of images originally measured by the reciprocity of wave propagation. Through this reverse 
process, the CLASS spectrum can be reconstructed as  
ℰ𝐶𝐿𝐴𝑆𝑆
𝑝𝑐
(Δ?⃗? ) = √𝛼𝒪∗(Δ?⃗? ) ⋅ ∑𝑃𝑜
𝑎(?⃗? 𝑜)
∗
 𝑃𝑖
𝑎(?⃗? 𝑜 − Δ?⃗? )
∗
?⃗? 𝑜
+ √𝛽 ∑ℰ𝑜
𝑀(?⃗? 𝑜 − Δ?⃗? )
∗
.
?⃗? 𝑜
        (6) 
Note that the summation operation is now performed over ?⃗? 𝑜. With the correction 𝜃 𝑖 = 𝜃 𝑖
(1)
 in 
place, as indicated by the use of a virtual spatial light modulator in Fig. 2d, we apply the phase 
correction to the output and identified the 𝜃 𝑜 = 𝜃 𝑜
(1)
 that would maximize the total intensity of the 
phase-conjugated CLASS image. Similar to the correction for the illumination path, this iteration 
leads to the convergence of 𝜃 𝑜
(1)
(?⃗? 𝑜)  to 𝜙𝑜(?⃗? 
𝑜)  with the error of correction Φ𝑜
(1)
(?⃗? 1
𝑜, ?⃗? 2
𝑜) 
given by the correlation of the two representative spectra shown in Fig. 2e. In fact, this correction 
for the reflection process converges faster than that of 𝜃 𝑖
(1)
 to 𝜙𝑖(?⃗? 
𝑖). Because of the prior 
correction 𝜃 𝑖
(1)
, the width of the phase histogram of Φ𝑜
(1)
(?⃗? 1
𝑜, ?⃗? 2
𝑜) (Fig. 2f) is narrower than that 
of Φ𝑖
(1)
(?⃗? 1
𝑖 , ?⃗? 2
𝑖 ) (Fig. 2c). 
 
The second image in Fig. 2g shows the 𝜃 𝑜
(1)
 identified through this phase-conjugation process, 
and it shows good correlation with the original aberration map in Fig. 1c with a correlation value 
of about 66 %. After this first round of illumination and reflection corrections, the reconstructed 
CLASS image shown in the second image of Fig. 2h now resolves the two particles better than 
before. Since the identified aberration maps are not yet complete, we iterated the aberration 
correction to improve its accuracy. We observed that the accumulated phase corrections converge 
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to the system aberrations as the number of iterations n is increased, i.e. ∑ 𝜃𝑖
(𝑛)
(?⃗? 𝑖)𝑛 → 𝜙𝑖(?⃗? 
𝑖) and 
∑ 𝜃𝑜
(𝑛)
𝑛 → 𝜙𝑜(?⃗? 
𝑜)  (Fig. 2g). For this particular example, 3 rounds of iteration led to the 
determination of the input and output aberrations to an accuracy of 97 %. The reconstructed image 
becomes almost the same as the ideal image shown in Fig. 1e. The resulting CLASS images show 
the increase in the signal intensity, suggesting that the cross-correlation of the aberration-corrected 
pupil functions had been increased in magnitude. Taken together, these observations confirm that 
the proposed method works extremely well, even in the presence of strong multiple-scattered waves. 
 
 
Figure 2. Algorithms for the independent identification of aberrations for the illumination and 
reflection paths in the presence of strong multiple light scattering. Aberrations and the intensity ratio of 
single- to multiple-scattered waves are the same as those considered in Fig. 1. a, Comparison of the wave 
propagations for the illumination of the two representative incident wavevectors, ?⃗? 1
𝑖  and ?⃗? 2
𝑖 . For the sake 
of simplicity, the reflection process is drawn to the right-hand side of the illumination process. b, 
Superposition of the two reflected waves shown in a in the ∆?⃗?  space. The radius of each circle is 𝑘0𝛼. c, 
The histogram of the phase correction error Φ𝑖
(1)
(?⃗? 1
𝑖 , ?⃗? 2
𝑖 ) calculated from the superposition of the two 
reflected waves shown in b. The phase angles were calculated for all ?⃗? 2
𝑖  while ?⃗? 1
𝑖  is fixed at ?⃗? 1
𝑖 = 0. d, 
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Similar to a, but for the phase-conjugated process. Two arbitrarily chosen waves with wavevectors, ?⃗? 1
𝑜 and 
?⃗? 2
𝑜, are considered to be incident from the reflection side. The correction 𝜃 𝑖 = 𝜃 𝑖
(1)
 is applied in the data 
processing, and indicated as the virtual spatial light modulator (vSLM) at the focal plane of the objective lens. 
e, Superposition of the two reflected waves shown in d in the ∆?⃗?  space. f, The histogram of the phase 
correction error Φ𝑜
(1)
(?⃗? 1
𝑜, ?⃗? 2
𝑜) calculated from the superposition of the two reflected waves shown in e. The 
phase angles were calculated for all ?⃗? 2
𝑜 while ?⃗? 1
𝑜 is fixed at ?⃗? 1
𝑜 = 0. g, Angle-dependent phase corrections 
𝜃 𝑖
(𝑛)
 and 𝜃 𝑜
(𝑛)
 as the iteration number 𝑛 is increased. Scale bar corresponds to 𝑘0𝛼. Color bar, phase in 
radians. h, Reconstructed CLASS images when 𝜃 𝑖
(𝑛)
 and 𝜃 𝑜
(𝑛)
 in g were applied. Color bar, intensity 
normalized by the peak value of the reconstructed image obtained at the end of iteration. Total number of 
iterations was 6 for the presented data. 
 
 
Experimental demonstration of CLASS microscopy with phantom samples 
 
Figure 3. Experimental measurements of a time-resolved reflection matrix. a, Layout of the phantom 
sample geometry. An asymmetric aberrating layer made of a clean PDMS block with a dent in the form of a 
cylindrical groove was placed on the top of a 7ls-thick scattering layer. A resolution target was placed 
underneath the scattering layer. The topography of the target measured by atomic force microscopy is shown 
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in gray scale. Scale bar, 4 m. Color map, height in nanometers. b, Complex field maps of the incident waves 
generated by writing random phase patterns on the SLM. Images were acquired by placing a clean mirror at 
the sample stage. Only a few representative images from 2,800 are shown. c, Complex field maps taken after 
placing the target shown in a at the sample stage and corresponding to the same set of illumination patterns 
used in b. Scale bar, 5μm. Images in b and c are normalized by their respective maximum amplitudes. The 
color map indicates both the amplitude and phase of the complex field. 
 
To experimentally demonstrate CLASS microscopy, we upgraded the previous version of the 
CASS microscope12 in two major respects. First, a water-dipping type objective lens (Nikon, CFI-
Apo-40XW-NIR, 0.8 NA) with a twice larger numerical aperture than before was used for sub-
micron resolution imaging. The water-dipping feature helps to minimize back reflection from the 
surfaces of biological tissues and specimen-induced spherical aberrations. Second, as the basis of 
illumination we used a set of random patterns composed of multiple plane waves rather than 
individual angular plane waves. Interferometric imaging has uncontrolled phase shifts due to the 
mechanical fluctuation of the relative path length between the sample and reference waves. When 
using plane-waves, these phase shifts are indistinguishable from the angle-dependent phase 
retardation caused by the sample, meaning that the sample-induced aberrations cannot be identified. 
When using random patterns, however, multiple plane waves of known relative phases are 
simultaneously injected to the sample such that we can exclusively deal with sample-induced phase 
shifts. 
 
For a controllable test target, we prepared an asymmetric aberrating layer featuring a cylindrical 
groove along the y direction with a radius of curvature of 6.0 mm (Fig. 3a). The layer was made of 
1.0 mm-thick clean PDMS (refractive index n=1.41). Because of the refractive index mismatch 
between the layer and the immersion medium (water, n=1.33), the cylindrical groove causes 
asymmetric aberrations such as astigmatisms. A 7ls-thick scattering layer was placed underneath 
this aberrating layer. This arrangement allowed aberration and scattering to be controlled 
independently. These layers were placed on the top of a resolution target made by focused-ion-
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beam (FIB) milling of a gold-coated slide glass (gray scale image in Fig. 3a). The finest lines have 
a separation of 600 nm. 
 
We measured the time-resolved reflection matrix of this test target and later that of biological 
tissues. Random phase patterns numbering 2,800 were sequentially written on a spatial light 
modulator (SLM, Hamamatsu X10468) located at the conjugate plane of the sample in order to 
cover all the orthogonal free modes determined by the illumination area of 30 × 30 𝜇𝑚2 and the 
spatial frequency bandwidth corresponding to 0.8 NA. The total acquisition time for the entire set 
of images was about 5 minutes but could potentially be reduced to a few seconds if high-speed 
SLM and camera were used. Then we recorded a time-resolved complex field map 𝑢𝑖(𝑥, 𝑦; 𝑗, 𝜏) 
for the jth random pattern written on the SLM by placing an ideal mirror at the sample plane for the 
arrival time 𝜏 associated with the depth of the mirror. The representative complex-field maps 
shown in Fig. 3b exhibit speckle patterns due to the use of random patterns of illumination. For the 
same set of illumination patterns, the complex-field map 𝑢𝑜(𝑥, 𝑦; 𝑗, 𝜏) of the reflected waves (Fig. 
3c) was recorded by placing the scattering medium shown in Fig. 3a at the sample stage.  
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Figure 4. Experimental demonstration of the addressing of both scattering and aberration using 
CLASS microscopy. a, Reconstructed time-resolved reflection matrix, ℰ(?⃗? 𝑜; ?⃗? 𝑖) in the spatial frequency 
domain. Column index indicates reflected wavevector and row index indicates incident wavevector. Only a 
part of the matrix (|𝑘| < 0.26𝑘0) is shown in the figure. Color scale, log scaled amplitude. b-c, CLASS 
images before and after the application of aberration corrections, respectively. Color bars, intensity 
normalized by the maximum intensity in b. Scale bar, 5μm. d-e, Angle-dependent phase corrections, 𝜃𝑖(?⃗? 
𝑖) 
and 𝜃𝑜(?⃗? 
𝑜 ), respectively, identified from the experimental data. Color bars, phase in radians. Scale bar, 
𝑘0𝛼. f, Decomposition of the map, 𝜃𝑜(?⃗? 
𝑜 ), in e into the first 50 Zernike polynomials Zj following the 
convention of Noll’s sequential indices. Blue bars indicate spherical aberrations (j = 4, 11, 22, 37), and red 
bars astigmatisms (j = 5, 6, 12, 13).  
 
By taking the Fourier transform of the set of images in Figs. 3b and 3c, we constructed the matrices 
describing the incident and reflected waves, 𝒰i(?⃗? 
𝑖; 𝑖), and 𝒰o(?⃗? 
𝑜; 𝑖), respectively. From the 
product 𝒰(?⃗? 𝑜; 𝑖) ⋅  𝒰i
−1(?⃗? 𝑖; 𝑖) , we could construct the time-resolved reflection matrix 
ℰ𝑜(?⃗? 
𝑜; ?⃗? 𝑖), which is shown in Fig. 4a. In the figure, we rearranged the two-dimensional spatial 
frequencies (𝑘𝑥 , 𝑘𝑦) into single columns of matrix. Therefore, each column corresponds to the 
output spectrum ℰ𝑜(?⃗? 
𝑜; ?⃗? 𝑖) shown in Eq. (1) taken for a given incidence wavevector, ?⃗? 𝑖. This 
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procedure allowed the conversion of the initial random speckle basis into the basis of spatial 
frequency. 
 
To the time-resolved reflection matrix shown in Fig. 4a, we applied Eq. (2) to construct an ordinary 
CASS image (Fig. 4b). For this particular sample, the time-gated multiple scattering intensity was 
about 10 times larger than that of the single scattering intensity (𝛽 = 10𝛾). Therefore, the structures 
would have been resolved with Nm = 2,800 measurements if there were no aberrations. Due to the 
pronounced sample-induced aberrations, however, the target structures, especially fine structures, 
were invisible. However, by using CLASS microscopy, we could dramatically improve the spatial 
resolution and signal strength of the single-scattered waves (Fig. 4c). (see Methods for the detailed 
correction procedure). The finest structures with a diffraction-limited line spacing of 600 nm were 
clearly resolved. Moreover, through the aberration correction the magnitude of the single scattering 
intensity was increased by about 200 times (See SI for the detailed analysis). This confirms that the 
proposed method could successfully address both scattering and aberration up to the full system 
numerical aperture. 
 
The acquired angle-dependent phase corrections for the illumination and reflection paths are shown 
in Figs. 4d and 4e, respectively. Because of the asymmetric aberration along the y-direction caused 
by the cylindrical groove, phase corrections along the ky direction have much steeper variations 
than those along the kx direction. In order to quantify the obtained aberration, we decomposed the 
output phase correction map in Fig. 4e into Zernike polynomials (Zj), which are widely used to 
explain these types of aberrations. Because the aberration correction of CLASS microscopy was 
performed at the spatial frequency resolution of 1/30 𝜇𝑚−1, we could identify the high order 
Zernike modes that ordinary adaptive optical microscopy cannot. In Fig. 4f we show only the first 
50 coefficients according to Noll’s sequential indices22. As expected, the dominant components 
were the astigmatism (j=5, 6, 12, and 13, red bars) induced by the cylindrical aberrating layer and 
18 
 
the spherical aberration (j=4, 11, 22, 37, blue bars) induced by the overall index mismatch between 
the immersion medium and the scattering layers. This result confirms that the proposed method can 
successfully identify sample-induced aberrations even in the presence of strong multiple light 
scattering. 
 
Ultra-high resolution imaging of targets underneath biological tissues 
 
Figure 5. Experimental demonstration of aberration correction for a target underneath fresh rat brain 
tissue. a and b, CLASS images of a resolution target under a 500μm-thick rat brain tissue layer before and 
after aberration correction, respectively. Scale bar, 5 μm. Color bars, intensity normalized by the maximum 
intensity in a. c and d, Input and output phase correction maps, respectively. Scale bar, 𝑘0𝛼. Color bars, 
phase in radians. e, Amplitude transfer function calculated by cross-correlation between c and d. Scale bar, 
𝑘0𝛼. 
 
In general, biological tissues exhibit much more complicated aberrations than the phantoms, 
making high-resolution imaging even more difficult. We demonstrated the performance of CLASS 
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microscopy on targets located under a layer of fresh biological tissue. A 500 μm-thick slice of rat 
brain tissue, whose scattering mean free path was measured to be approximately 100 μm, was 
placed on the top of the resolution target. As shown in Fig. 5a, the CLASS image without aberration 
correction could not reveal the fine structures of the resolution target due to the multiple scattering 
noise and the aberration induced by the tissue. On the other hand, when full aberration correcting 
functionality of CLASS microscopy was used, the targets were clearly visible up to the line spacing 
of 600 nm. Also, the intensity fluctuation in the gold coated area was remarkably reduced, 
supporting the conclusion that the aberration correction process properly accumulated the single-
scattered waves. 
  
The angle-dependent phase corrections for illumination and reflection identified for the biological 
tissues are shown in Figs. 5c and 5d, respectively. Unlike the results shown in Figs. 4d and 4e, 
irregular patterns appeared due to the complex internal structures in the brain tissue. In Fig. 5e, we 
present the amplitude transfer function of the rat brain tissue created by calculating the cross-
correlation of input and output aberration maps. The color scale is normalized by the maximum 
value of the ideal amplitude transfer function of CASS microscopy. The attenuated value of the 
amplitude transfer function and reduced bandwidth were responsible for the deterioration of the 
ordinary CASS image in Fig. 5a. In addition, while the phase gradient of aberration is relatively 
flat at low spatial frequency, it steepens at higher spatial frequencies. This difference underlies the 
necessity of compensating for specimen-induced aberrations in ultra-high resolution imaging.  
 
Discussion 
We presented an experimental method that can perform sub-micron resolution imaging of targets 
located up to the depth of 7 scattering mean free paths. The proposed method introduced separate 
angle-dependent phase corrections for the illumination and reflection paths to preferentially 
optimize the total intensity of single-scattered waves in both forward and phase-conjugation 
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processes. Our method is unique in four major respects. First, the optimization operation of the total 
intensity in the momentum difference space acted mainly on the single-scattered waves, rather than 
the multiple-scattered ones. For this reason, the proposed method could be successful even with 
strong multiple scattering backgrounds. Second, due to the use of the closed-loop operations, 
aberrations for the illumination and reflection paths could be independently identified without the 
need for an embedded ideal point source, often called a guide23. Unlike fluorescence imaging where 
the correction of aberrations from the illumination path is the only concern, this capability is 
especially critical for coherent imaging as aberrations from both paths are responsible for the 
reduced SNR. The third important aspect is that aberration correction is performed over a wide 
field of view with finely stepped illumination angles. This enables our method to eliminate the steep 
angle-dependent phase retardations that thick biological tissues induce at large propagating angles, 
and thereby outperform conventional adaptive optical microscopy. Finally, the aberration 
correction is performed in post-processing after the acquisition of the time-resolved reflection 
matrix. Given the same number of angular bases to correct, this post processing step is much faster 
than the experimental feedback iteration required for wavefront control. The speed of the current 
implementation is largely limited by the speed of the SLM, but the use of a high-speed binary 
control SLM with a high-speed camera would substantially speed up measurement. 
 
The ability to perform ultra-high spatial resolution imaging deep within scattering media will open 
new possibilities for studying important biological reactions in great detail. Future applications of 
this technology could include early disease diagnosis, studies of nervous systems and of the 
activities of stem cells inside bone marrow, and so on. The proposed method can be extended to 
other coherent imaging modalities such as second-harmonic generation microscopy and stimulated 
Raman scattering microscopy to increase their imaging depth limits in a similar way. Moreover, 
this new CLASS microscopy can offer specimen-induced aberration maps with minimal photo-
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bleaching to various confocal fluorescence imaging microscopy techniques15. Ultimately, our study 
will widen the scope of the applications that optical microscopy can explore.  
 
 
Methods 
The data processing procedure for the experimentally measured time-resolved reflection matrix is 
summarized. We rearranged the elements of the matrix constructed in Fig. 4a to form a matrix 
ℰ𝑜(?⃗? 
𝑜 − ?⃗? 𝑖; ?⃗? 𝑖) (Fig. 6b) whose column and row indices are ?⃗? 𝑖 and ?⃗? 𝑜 − ?⃗? 𝑖, respectively. By 
coherently adding elements of the same rows, a process equivalent to applying Eq. (2), a 
conventional CASS image can be obtained. We then applied angle-dependent phase correction 
𝜃𝑖(?⃗? 
𝑖) to each column in Fig. 6b and performed the maximization operation described in Eq. (4). 
After applying the 𝜃𝑖(?⃗? 
𝑖) (Fig. 6c) thus identified to the matrix in Fig. 6b, we rearranged the 
matrix to form a matrix ℰ𝑜(?⃗? 
𝑜; ?⃗? 𝑖 − ?⃗? 𝑜) whose column and row indices are now ?⃗? 𝑖 − ?⃗? 𝑜 and 
?⃗? 𝑜, respectively. Adding elements in the same columns correspond to reconstructing the CLASS 
image in the phase-conjugation process (Eq. (6)). Next, we applied 𝜃𝑜(?⃗? 
𝑜) to the rows of the 
matrix to maximize the total intensity of the phase-conjugated CLASS image. After applying 
𝜃𝑜(?⃗? 
𝑜) thus identified (Fig. 6e) to the matrix in Fig. 6d, the next round of iteration was initiated.  
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Figure 6. Flowchart of CLASS algorithm from the experimentally measured TRRM. For simplicity, a 
single iteration is presented. a, Initial matrix, ℰ𝑜(?⃗? 
𝑜; ?⃗? 𝑖) shown in Fig. 4a. b, The matrix reshaped to 
ℰ𝑜(?⃗? 
𝑜 − ?⃗? 𝑖; ?⃗? 𝑖) c, Identifying the 𝜃𝑖(?⃗? 
𝑖) that maximizes the coherent summation along the same ?⃗? 𝑜 − ?⃗? 𝑖, 
i.e. row direction in b. d, After applying the 𝜃𝑖(?⃗? 
𝑖) identified in c, the matrix reshaped to ℰ𝑜(?⃗? 
𝑜; ?⃗? 𝑖 − ?⃗? 𝑜). 
e, Identifying the 𝜃𝑜(?⃗? 
𝑜) that maximizes the coherent summation along the same ?⃗? 𝑖 − ?⃗? 𝑜 , i.e. column 
direction in d. 
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